Enzymatic proteins with a metallo-beta-lactamase (MBL) fold have been essentially studied 26 in bacteria for their activity on beta-lactam antibiotics. However, the MBL fold is ancient and 27 highly conserved, and these proteins are capable of cleaving a broad range of substrates. It has 28 recently been shown that MBLs are present in a wide array of cellular organisms, including 29 eukaryotes and archaea. We show here that Tupanvirus deep ocean, a giant virus, also 30 encodes a protein with a MBL fold. Phylogeny showed its clustering with transfer 31 ribonucleases (RNases) and the presence of orthologs in other giant viruses, mainly those 32 harboring the largest sets of translation components. In addition, it suggests an ancient origin 33 for these genes and a transfer between giant viruses and Acanthamoeba spp., a host of many 34 giant viruses. Biologically, after its expression in Escherichia coli, the tupanvirus protein was 35 found to hydrolyse nitrocefin, a chromogenic beta-lactam. We also observed an hydrolysis of 36 penicillin G (10 µg/mL) and detected the metabolite of penicillin G hydrolysis, 37 benzylpenilloic acid. This was inhibited by sulbactam, a beta-lactamase inhibitor. In addition, 38
INTRODUCTION 49
The metallo-beta-lactamase (MBL) superfamily encompasses a large set of enzymes, 50 including MBL and ribonuclease (RNase) Z enzymes 1 . These enzymes are pleitropic proteins 51 that can hydrolyze a wide range of substrates, among which beta-lactams, and DNA or 52 RNA 2,3 . Such capabilities rely on an ancient and highly conserved fold, which represents a 53 stable scaffold that has evolved to perform a broad range of chemical reactions and on which 54 various catalytic, regulatory and structural activities are based 2-4 . This wide array of activities 55 is enabled by variations in the composition and size of loops located near the enzyme active 56 site 3 . A well-known catalytic activity of MBLs consists in breaking beta-lactam rings, which 57 was primarily identified in bacteria 5 . Nevertheless, this hydrolase activity is suspected to have 58 evolved in response to the environmental beta-lactams from an ancestral protein whose 59 function was not related to beta-lactams and which may have been devoid of such hydrolase 60 capability 3 . Concurrently to their capability to interact with various substrates that likely 61 emerged through adaptive evolution, members of the MBLs superfamily have been identified 62 in a broad range of cellular organisms, including bacteria, but also eukaryotes and archaea 63 with a beta-lactamase activity 2,6 . 64
Giant viruses are bona fide microbes as their virions are visible under a light 65 microscope and they display a complexity similar to that of small cellular microorganisms 7, 8 . 66
Since their discovery in 2003, their diversity has increased considerably, with nine families 67 and more than 100 isolates cultured. Their classification alongside cellular microorganisms is 68 still debated, but their characteristics clearly distinguish them from conventional viruses 9,10 . 69
We have investigated whether genes encoding members of the MBLs superfamily may also 70 be present in giant viruses. We found one in Tupanvirus deep ocean, a giant mimivirus 71 4 isolated from Brazilian Atlantic ocean sediments, and confirmed that its product harbored a 72 biologically active MBL fold with both beta-lactamase and RNase activities. 73
74

RESULTS 75
While annotating the genome of Tupanvirus deep ocean, the second isolate of a new 76 mimivirus genus, Tupanvirus 11 , a gene (GenBank: AUL78925.1) that encodes a metallo-77 hydrolase-like MBL fold was identified (Conserved Protein Domain Family Accession no. 78 cl23716) 12 . This gene has a homolog in the other tupanvirus isolate (Soda Lake) 79 (AUL77644.1). Beyond, best BLASTp hits against cellular organisms included MBL fold 80 harboring proteins from an unclassified deltaproteobacterium whose genome was assembled 81 from a marine water metagenome (evalue, 5e-38; identity, 33.0; coverage, 83%), from an 82 actinobacteria (Nonnomuraea spp.) (1e-36; 30.0; 86%), from Microscilla marina (6e-34; 83
28.5%; 89%) and from Acanthamoeba castellanii (4e-33; 29.8%; 81%) ( Fig. 1,  84   Supplementary Fig. S1 ). Significant BLASTp hits (evalues ranging from 1e-41 to 8e-6) 85 against viruses were also obtained with genes from putative giant viruses whose genomes was 86 assembled from metagenomes obtained from environmental samples [13] [14] [15] reported a best match with 100% confidence and 85% coverage (273 amino acid residues) 96 6 on penicillin G (10 µg/mL) and observed a significant hydrolysis activity of this coumpound 122 within 48h ( Fig. 3) . We also detected, in the presence of the tupanvirus protein, 123 benzylpenilloic acid, the metabolite resulting from the enzymatic hydrolysis of penicillin G 20 . 124
Finally, we confirmed that these observations were related to a beta-lactamase activity as both 125 penicillin G degradation and benzylpenilloic acid appearance were inhibited by sulbactam, a 126 beta-lactamase inhibitor (Fig. 3) . We further tested if pre-treatment with sulbactam had an 127 impact on the duration of the giant virus replication cycle and replication intensity. After 128 replication on A. castellanii strain Neff in the presence of a high concentration (10 µg/mL) of 129 sulbactam, the virions produced (10 6 /mL) were inoculated on fresh amoebae at different 130 concentrations. No differences were observed regarding viral growth in the absence or 131 presence of pre-treatment with sulbactam as assessed using high content screening 132 ( Supplementary Fig. S5 ). 133
Finally, as some proteins with a MBL fold can hydrolyse DNA and RNA 2 , we tested 134 the capability of tupanvirus enzyme TupBLac to degrade synthetic single-and double-135 stranded DNAs and bacterial RNAs. We found no effect on both DNA types. In contrast, we 136 observed a strong RNase activity ( Fig. 4) . Another set of experiments was conducted using E. 137 coli RNA as a substrate with an assessment of RNA size distribution on a bioanalyzer 138 (Agilent Technologies, Palo Alto, CA) after incubation with TupBlac. It showed a dramatic 139 degradation of RNAs by the tupanvirus enzyme ( Fig. 5a) . In contrast with the beta-lactamase 140 activity, this was not inhibited, neither by sulbactam ( Fig. 5a and Supplementary Fig. S6) , 141 nor by ceftriaxone ( Fig. 5b) , a cephalosporin that inhibits human SNM1A and SNM1B, that 142 are DNA repair nucleases with a MBL fold 21 . In addition, a RNase activity of the Tupanvirus 143 protein was further observed on A. castellanii RNA, and not inhibited either by sulbactam or 144 ceftriaxone ( Fig. 5c ). TupBLac also degraded RNA extracted from bacteria with genomes 145 with different G+C contents ranging between 41.8% and 66.6% ( Fig. 5d ), suggesting an 146 7 absence of influence of the G+C richness on the RNase activity. Finally, TupBlac RNase 147 activity was estimated to be 0.451±0.153 mU/mg using a fluorescence-based assay, without 148 difference in the presence of sulbactam or ceftriaxone (0.520±0.003 and 0.551±0.024 mU/mg, 149 respectively) ( Supplementary Fig. S7) . 150 151 DISCUSSION 152
Hence, we found herein by several bioinformatic approaches that a gene of Tupanvirus deep 153 ocean, a recently discovered giant virus classified in family Mimiviridae 11,12 , encodes for a 154 protein with a MBL fold. We further observed that this protein exhibited dual beta-lactamase 155 and RNase activities. This is the first evidence of the presence of a biologically-active protein 156 with a MBL fold in a virus. In addition, this work parallels the one on a protein detected by 157 functional screening of a metagenomic library from the deep-seep sediments 22 , showing that 158 the same enzyme has both beta-lactamase and RNase activities. Indeed, MBL fold proteins 159 were previously biologically-tested for either activity, but not for both. It is noteworthy that 160 the beta-lactamase activity of the MBL fold protein of Tupanvirus was inhibited by a beta-161 lactamase inhibitor but this was not the case for the RNase activity 23 . The phylogenetic study 162 of this beta-lactamase shows the presence in several other giant viruses of phylogenetically-163 clustered counterparts, the origin of which seems very old. Interestingly, it also appears that 164 there may have been a gene transfer between these giant viruses and Acanthamoeba sp., the 165 amoebal host of many giant viruses. Such potential for horizontal transfer of these MBL fold 166 proteins is well-recognized 3 . 167
Beta-lactamases are a priori useless for giant viruses, which are grown in the presence 168 of various antibiotics, including beta-lactams 24 , but our findings enhance the recent 169 reconsideration of the function of MBL fold proteins. Thus, the recent description of 170 penicillin secretion by arthropods 25 and the demonstration of active beta-lactamase in 171 8 vertebrates including humans 19 , as well as in archaea 6 and fungi 26 show that MBL fold 172 proteins have a dramatically broad distribution. In humans, 18 genes were annotated as beta-173 lactamases, whose activity had not been biologically-tested until recently 19 . In addition, MBL 174 fold proteins were highlighted to digest DNA or RNA 2,19 . Thus, a class of enzymes, that were 175 named beta-lactamases because of their original discovery in bacteria resistant to beta-176 lactamines, are in fact potentially versatile proteins. This differs from the drastically-177 simplified paradigm consisting in enzymes with a beta-lactamase activity being secreted by 178 bacteria under the selective pressure of natural or prescribed antibiotics. 179
The RNase activity observed here for the Tupanvirus MBL fold protein could be 180 related to the host ribosomal shutdown observed in the presence of Tupanvirus deep ocean 181 with various protists, the mechanism of which has not been elucidated 12 . This activity could 182 allow these viruses to take over on their cellular hosts by degrading cellular messenger RNAs 183 and shutting down cellular gene expression. The giant virus mRNAs should be protected from 184 such a degradation, which may be explained by the encapsidation of RNA transcripts into 185 giant virions that was detected for some of these viruses 27 . Bioinformatic analyses suggested 186 that the tupanvirus MBL fold protein may belong to the RNase Z group that was proposed to 187 be one of the two main groups of the MBL superfamily with that encompassing MBLs 1 . ( Supplementary Table S2 ). For each item, the maximum value was determined, and values 231 for each virus were considered relatively to these maximum values, being therefore comprised 232 between 0 and 100%. 233
Cloning, expression and purification 234
The Tupanvirus deep ocean gene bioinformatically predicted to encode a beta-lactamase 235 superfamily domain (AUL78925. 
Spectrophotometry assay for the detection of beta-lactamase activity in Tupanvirus 258 virions 259
Tupanvirus purified virions in solution were centrifuged at 5,000 RPM in order to collect 1g 260 of humid matter. Virions were then suspended into 2 mL of a phosphate-buffered saline 261 (PBS) solution at pH 7.4 prepared in water from a commercial salt mixture (bioMerieux, 262
Marcy-l'Etoile, France). Virions were broken after five freeze-thaw cycles followed by 10 263 minutes of sonication (Q700 sonicator with a Cup Horn, QSonica, Newtown, Connecticut, 264 USA). Integrity of virions was checked by scanning electron microscopy (TM 4000, Hitachi 265
High-Technologie Corporation, Tokyo, Japan). Debris were discarded following a 266 centrifugation step (15,000 g, 10 minutes). The clear supernatant was lyophilized and then 267 reconstituted in 100 μL of PBS (corresponding to a final concentration of 50 mg/mL of 268 soluble proteins). A pure solution of Tupanvirus protein was buffer-exchanged in PBS and the 269 concentration was adjusted to 1 mg/ml. The degradation of nitrocefin (1 mM in PBS), a 270 chromogenic cephalosporin substrate, was monitored as previously described after the 271 12 addition of virion protein extract or Tupanvirus protein to the solution 6 . 272
Beta-lactam antibiotic degradation monitoring by liquid chromatography-mass 273 spectrometry (LC-MS) 274
Penicillin G and sulbactam stock solutions at 10 mg/mL were freshly prepared in water from 275 the corresponding high purity salts (Sigma Aldrich). A total of 30 μL of tupanvirus protein 276 solution at 1 mg/mL was spiked with penicillin G and sulbactam at a final concentration of 10 277 μg/mL, before incubation at room temperature. Each time point corresponded to triplicate 278 sample preparations. Negative controls consisted of PBS spiked with penicillin G and 279 sulbactam. Then, 70 μL of acetonitrile were added to each sample, and tubes were vortexed 280 10 minutes at 16,000 g to precipitate the proteins. The clear supernatant was collected for 281 analysis using an Acquity I-Class UPLC chromatography system connected to a Vion IMS 282
Qtof ion mobility-quadrupole-time of flight mass spectrometer, as previously described 6 . 283
Assessment of the effect of a beta-lactamase inhibitor on Tupanvirus growth 284
To evaluate the effect of a beta-lactamase inhibitor sulbactam on Tupanvirus growth, we 285 tested Tupanvirus replication on A. castellanii pre-incubated with a high dose of sulbactam. 286
Tests were performed in triplicate and amoebae cultivated in trypticase soy medium 12 . Four 1 287 mL culture wells containing 5.10 5 A. castellanii were incubated at 32°C, one of which 288 contained 500 mg/L of sulbactam. After 24 hours, Tupanvirus was added at a multiplicity of 289 infection (MOI) of 1 in the well with sulbactam. Two other wells were inoculated with 290 Tupanvirus, including one in which 500 mg/L of sulbactam was added. The last well was 291 used as control of amoeba survival. After 24h, amoebae were counted and Tupanvirus was 292 titrated by qPCR as previously described 12 . In order to assess whether sulbactam could have 293 affected newly formed virions, tupanviruses produced on amoebae incubated with sulbactam 294 were inoculated on fresh amoebae at different concentrations. Their growth was monitored 295 using high content screening microscopy every 8h for 48h 41 . Viral replication was compared 296 13 to that of tupanviruses produced on amoebae non-treated with sulbactam at the same MOIs. 297
Nuclease activity assessment 298
Nuclease activity was assessed using double-stranded DNA, (+) and (-) single-stranded 299
DNAs, and single-stranded RNAs as substrates. Single-stranded DNAs were synthetic 300 polynucleotides ( Supplementary Table S3 ); double-stranded DNA was obtained by annealing 301 Phylogeny reconstruction was performed after amino acid sequence alignment with the 443 Muscle program 33 with the Maximum-Likelihood method using FastTree 34 , and tree was 444 visualized with the MEGA 6 software 35 . The amino acid sequences analyzed are Tupanvirus 445 deep ocean protein AUL78925.1 and its homologs with the greatest BLASTp scores from the 446 NCBI GenBank protein sequence database (nr) (see Supplementary Table S1 ), our sequence 447 database of giant virus genomes, and previously described draft genome sequences from 14 448
Acanthamoeba species 36 ; a set of previously described MBL fold proteins 19 ; and a set of 449 sequences from the UniProtKB database 1 , previously used for phylogeny reconstructions. 450
Extended tree is available in Supplementary Figure S1 . The effect on penicillin G of the expressed Tupanvirus protein (TupBlac) and its inhibition by 463 sulbactam were assessed by monitoring by liquid chromatography-mass spectrometry (LC-464 MS) the degradation of penicillin G (a) and the appearance of benzylpenilloic acid, the 465
